We describe an electrochemical method for the formation of composite coatings and foils based on copper reinforced by nanosized aluminum oxide and propose an approach to the chemical dispersion of aluminum oxide based on the principle "from top to bottom" and a composition of electrolyte guaranteeing the possibility of creation of composite materials with different contents of the modifying phase. The influence of the concentration of aluminum oxide in the electrolyte on the physicomechanical properties of the reinforced foil is established. The increase in the strength (and various other physicomechanical characteristics) of the synthesized composite materials is recorded.
In recent years, the scientific research in the field of synthesis of functional nanomaterials is rapidly developed [1] . The contemporary investigations are focused on the creation of new approaches to the design and formation of multiphase nanostructures, which is connected with prospects of their application in various branches of science and engineering.
With the development of electroplating, composite coatings deposited from electrolytic suspensions containing highly dispersed powders, as a rule, aluminum, titanium, or zirconium oxides, are used more and more extensively. In the course of electrolysis, particles of the dispersed phase are not reduced. On the contrary, they pass into the cathodic deposits and are fixed in the matrix of the base metal. The collection of basic physicomechanical and chemical characteristics of these composite electrolytic coatings (CEC) is better than the same collection for traditional metal coatings. The elevated corrosion resistance, friction resistance, wear resistance, hardness, and other operating parameters of CEC make them quite promising for the modification of the surface of metallic products. Since copper foil and copper coatings are important elements of numerous electronic and electric systems, the possibility of improvement of their strength and hardness with preservation of plasticity by the method of reinforcing of the metallic matrix by nanosized aluminum oxide is of significant interest [2, 3] . For this purpose, it is necessary to perform the electrochemical synthesis of the coatings and foils based on copper and containing Al 2 O 3 nanoparticles and study the physicomechanical properties of the obtained materials.
Experimental Procedure
Foils based on copper and reinforced by nanosized aluminum oxide were formed on carriers of Kh18N10Т stainless steel. The adhered CEC of the same composition were deposited on 20 steel.
The foils and coatings were electrolytically deposited from a polyligand electrolyte for copper plating [4] copper and the ratio of the cathode area to the anode area was 1:5. Electrolysis was performed within the temperature range 20-25°С for 60-120 min. Depending on the time of electrodeposition, the thickness of the foil and CEC varied from 20 to 50 µm.
To form materials, we added aluminum-oxide sol containing 4.0-4.6 g ⋅dm The stability of these particles
is provided by [Al(OH) 4 ] -charge-generating ions whose stability constant is quite high: K c ∼ 3.2 ⋅10 32 .
In the electric field, a negatively charged granule of a colloid particle (1) moves toward the cathode due to adsorption of copper cations on the surface. In the near-cathode layer and on the surface of the electrode, granules are adsorbed and dissociate with the release of Al 2 O 3 nanoparticles of hydroxide ions and water:
The aluminum oxide from granules (1) and charge-generating anions (2) initiates the formation of nuclei at the sites of its contact with the surface of the cathode, and the parallel process of copper reduction leads to the overgrowing of these particles by the base metal [5, 6] .
We studied specimens of foils 10 × 20 mm in size and 40-50 µm in thickness. The microstructure of the foil was studied by the transmission electron microscopy method on an EМ-200 microscope under a voltage of 125-175 kV. We prepared objects by thinning the initial specimens in a PTF device. The micrographs were obtained with the use of bright and dark fields in order to improve the visualization of particles of the hardening phase. The grain sizes r were determined from the electron micrographs by the intercept method using the following relation: where ℓ ∑ is the total length of secants drawn in arbitrary directions, n ∑ is the total number of intersections with the grain boundaries, and k is the magnification of the microscope.
In finding the size of particles of the hardening phase from electron micrographs, we assumed that the particles are displayed in the full profile because they do not dissolve in the electrolyte. The mean size (diameter) of particles is defined as the maximum length of their projections. The obtained data were used to determine the mean diameter d as follows:
where n i is the number of particles in the i th fraction and d i is the diameter of the i th fraction.
We determined the physicomechanical characteristics of the Cu-Al 2 O 3 foil (microhardness, yield strength σ y , and ultimate strength σ u ) at room temperature by using a TIRAtest-2300 device for mechanical testing at a strain rate of 0.36 mm/min. The qualimetric evaluation of the plasticity (brittleness) of the foil was performed by the method of alternating bending.
The morphology of the surface of Cu-Al 2 O 3 CEC was investigated with a ZEISS EVO 40XVP scanning electron microscope (SEM). The images were obtained by recording secondary electrons in the course of scanning with electron beams.
This enabled us to study the surface topography with high resolution and contrast. The composition of the CEC was determined by the X-ray photoelectron spectroscopy in an INCA-Energy-350 energy dispersive X-ray spectrometer with X-ray radiation excited by treating specimens by electron beams with an energy of 15 keV.
The corrosion rate was found by the polarization resistance method according to the results of analysis of polarization dependences obtained with the help of a PІ-50-1.1 potentiostat equipped with a PR-8 programmer. The corrosion tests of the coatings and foils were carried out in a 3% sodium-chloride solution against the background of 1 mole/dm 3 sodium sulfate. 
Results and Discussion
Electrolytic copper coatings deposited on 20 steel from the polyligand electrolytes in the absence of modifier have a polycrystalline structure based on the face-centered cubic (FCC) lattice of copper and contain 11.0-11.5 at.% of oxygen (Fig. 1а) . The morphology and composition of the CEC deposited from the electrolyte with an addition of 1.0-1.5 g ⋅dm -3 of dispersed aluminum oxide are different (Fig. 1b) .
In the coating, we also recorded up to 1.0 at.% of aluminum, a decrease in the oxygen content to 4.7-4.9 at.%, and a decrease in the size of crystallites with a clearer separation of grains. The increase in the content of the Al 2 O 3 dispersed phase in the electrolyte leads to a natural increase in the amount of aluminum oxide in the CEC and a subsequent decrease in the grain size. However, the clearness of grain boundaries is lost in this case (Fig. 1c) . Similar trends are also observed for the copper foils obtained the other identical conditions on the supports made of polished stainless steel.
For the investigation of the mechanical properties of composite materials, we used specimens of copper foils whose composition is identical to the composition of CEC. The concentration dependences of the strength characteristics of Cu-Al 2 O 3 foils show that, as the concentration of aluminum oxide in the electrolyte increases to 0.25-1.5 g ⋅dm -3 and, hence, its content in the foil increases, the ultimate strength of the material increases from 200 to 500 МPа (Fig. 2а, curve 1) , its yield strength increases from 175 to 360 МPа (Fig. 2а, curve 2) , and its microhardness increases from 900 to 1500 МPа (Fig. 2b) . With subsequent increase in the amount of the modifying phase in the electrolyte, the characteristics of the foil remain almost constant and the highest parameters are attained for the material obtained if the Al 2 O 3 content varies within the range 1.0-1.25 g ⋅dm -3 .
The distinctions between the mechanical properties of the composites are explained by the incorporation of Al 2 O 3 particles into the matrix of the base metal accompanied by the formation of fine islands of the second phase (Figs. 1 and 3 ) whose particles are stable obstacles for the motion of dislocations. In this case, a probable mechanism of hardening is based on the bypassing of particles by dislocations (Orowan mechanism) [7, 8] . However, in any case, they form additional obstacles to the motion of dislocations, as a result of which, the strength of the material strongly increases. The data of electron microscopy confirm the presence of particles of the hardening phase in the composition of the copper matrix (Fig. 3а) . They also enable us to study the changes in the grain size of copper caused by the addition of modifiers to the composite. It is known that the mean grain size of pure copper varies within the range 5-7 µm [9, 10] . In the foil reinforced by aluminum oxide, it decreases to the 1 µm; particles of the modifying phase are located both in the grain body and along grain boundaries. Moreover, the particles of the second phase do not form solid solutions with copper (Fig. 3а) .
The grain size strongly affects the physicomechanical properties of the composite material. Thus, in particular, grain coarsening is accompanied by the deterioration of the mechanical characteristics, which is explained by the lower density of interfaces between the grains (crystallites) inhibiting the propagation of dislocations. For this deformation, the smaller the grain size, the higher the density of dislocations in the polycrystal and, hence, the polycrystalline aggregate is characterized by a higher strength and higher hardness as compared with the single-crystal material [9] [10] [11] .
It should be emphasized that particles of the modifying phase tend to stick together or form conglomerates. In the electron diffraction pattern (Fig. 3b) , we can see the solid lines of the main matrix, i.e., copper, and discontinuous lines of Al 2 O 3 particles. Prior to annealing, aluminum oxide is in the amorphous state in which it is noncoherently bound to the metal of the matrix. It is known that the crystal lattice of copper is a threedimensional periodic system of nodes with face-centered cubic (FCC) structure. The double lines in the electron diffraction pattern reproduce just the FCC structure of the composite, whereas the dotted lines reveal the presence of polycrystalline copper grains with particles of the Al 2 O 3 phase.
Thus, despite the presence of the second phase and the increase in the heterogeneity of the entire system, the corrosion rate of the Cu-Al 2 O 3 CEC remains almost constant (see Table 1 ). The polarization corrosion diagram for pure copper shows that the process runs under substantial cathodic and anodic polarization. As the content of the Al 2 O 3 phase in the CEC increases, the current of the anodic reaction naturally increases, and the cathodic reaction, on the contrary, is retarded. As a result, the corrosion potentials slightly increase. Obviously, the decrease in the grain size positively affects not only the mechanical properties but also the corrosion resistance of the CEC, which can be classified with the group of highly corrosion-resistant materials according to their depth corrosion index.
Thus, due to the incorporation of the modifying aluminum-oxide phase into the copper matrix in the process of formation of the CEC and foils, the strength and hardness of the material increases with preservation of its plasticity as a result of structural changes in the material.
CONCLUSIONS
As a result of dispersion of high-temperature γ -Al 2 O 3 oxide with nonnormalized size of the granules according to the principle "from top to bottom" in an aqueous solution of sodium hydroxide, we obtain a suspension containing nanosized modifier particles. From the polyligand electrolyte for copper plating with an addition of this suspension, we get reinforced CEC and foils containing aluminum oxide in the amounts corresponding to 0.5-1.0 at.% in terms of aluminum.
The incorporation of nanosized aluminum-oxide particles into the main copper matrix leads to a decrease in the grain size and a substantial increase in the mechanical characteristics of the CEC and foils if the content of aluminum oxide in the matrix of the composite is as large as 0.6 at.% (in terms of the metal). Moreover, the microhardness of CEC and foils doubles and their ultimate and yield strengths also increase as compared with monometallic coatings and foils. The corrosion-electrochemical behavior of the composite coatings of the copper-aluminum-oxide system depends on the amount of the Al 2 O 3 phase, namely, as its content in the CEC increases, the current of anodic reaction naturally increases but the cathodic reaction is retarded. As a result, the corrosion potentials somewhat increase, while the corrosion rate remains almost constant.
